The engine performance, fuel consumption and emission of a micro gas turbojet engine running B100 biodiesel fuel, kerosene, hydro processed renewable (HJ) fuel from dynamic fuels and JP-8 fuel are reported in this paper. The data are recorded and analyzed in terms of the different fuels. Characteristic of the different fuels on the engine were studied and discussed. The results show that the engine performed consistently well in the wide range of fuel. It was found that, compared to the other 3 fuels tested, biofuel characteristics were very distinctive. Biofuel produced the least unburned hydrocarbon oxides of nitrogen but produced the most carbon dioxide and carbon monoxide compared to the other test fuels. In this paper, the factors for the characteristics of biofuel were discussed.
I. Introduction
OSSIL fuels contributed to 80% of all energy expenses [1] . Among all the fossil fuels, petroleum has been the main source of energy for our growing world economy for the past few decades. The recent upswing of gas prices and its effects on the global economy has once again demonstrated the great dependence of human living on the oil. The oil, however, is not renewable and the world oil reserve is generally believed to be on the decline. In 2006, about 6.3% of the world's refinery production is used for aviation fuel. In the aviation industry, the demand for fuel increases by about 3% every year. At this rate, by 2026 the aviation industry will have a difficult time to replace its fuel from other sources even if the air traffic remains at current levels [8] . Currently, aviation fuel is almost exclusively extracted from the kerosene fraction of the crude oil which is the fraction that distills between the gasoline and the diesel. For the aviation industry to continue to thrive, it is important to reduce its dependence on fossil fuels and, perhaps, replace it with alternative, renewable fuel. In addition, the use of fossil fuel has many negative impacts on the environment, including emission of pollutants and green house gases. Aviation fuels commonly used today are extracted from the kerosene fraction of the crude oil that is distilled between the gasoline and the diesel. Crude oil is not renewable and the world oil reserve is generally believed to be on the decline. In 2006, about 6.3% of the world's refinery production is used for aviation fuel. (Nygren et al., 2009 ) At an estimated rate of 3% increase of fuel demand per year, the aviation use along will consume the world fuel production by 2026 (Nygren et al., 2009) . Therefore, there is a need for the aviation industry to reduce its dependence on fossil fuels and, perhaps, replace them with alternative, renewable fuel. In addition, the use of fossil fuel impacts negatively the environment, such as the emission of pollutants and greenhouse gases. (Daggett et al., 2007) Some analyses show that the airline industry is responsible for roughly two percent of the greenhouse gases emitted globally Today, the most common blend of kerosene fuel for aviation is the Jet A and Jet A-1. Jet A fuel has been used in the US as a standard jet fuel since 1950s.The lower heating value of kerosene derived from jet fuel is about 46.2MJ/kg. It has a freezing point of −40°C, a fairly high flash point of 38°C (100°F), and an auto-ignition temperature at 210°C. Jet A-1 has a lower freezing point at -47°C, which makes it more suitable for use in regions where a lower temperature is required for the fuel to work.
Biofuel is a fuel source obtained from biological material and can come in the form of solid, liquid, or gaseous fuel. Unlike fossil fuel, which is derived from long dead biological material, biofuel is renewable and abundant. Other than that, biofuel also has the advantage of biosequestration of the atmospheric CO2 and therefore helps to remediate greenhouse gas and climate change problems [9] . Some analyses show that the airline industry is responsible for roughly two percent of the greenhouse gases emitted globally.
The early biofuels are made of sugar, animal fats or vegetable oil. Biodiesel is one of the first generation biofuel that is produced from oils or fats using transesterification and becomes a liquid fuel similar in composition to the conventional diesel. Another example is bioalcohols, including ethanol, propanol, and butanol. These alcohols are produced by the action of enzymes of microorganisms through the fermentation process. Fermentation of sugars is one of the more common processes used. Others include fermentation of starches or cellulose which are more difficult due to their more complex structures. Biogas is produced by anaerobic digestion of organic material by anaerobes. Bioethers, syngas, solid biofuels (eg. Wood, sawdust, charcoal) are some other examples of these biofuels. Algae fuel, also known as third generation biofuel seems to be one of the most promising biofuels today. They are high yield feedstocks. Some claim that algae can produce up to more than 30 times more energy per acre than land crops [2] . Moreover, algae is biodegradable and environmentally friendly. With a lower freezing point, higher energy yield and good flash point, algae fuel can be more suitable for aviation than conventional jet fuels.
However, with all the research being done, biofuel used in the aviation industry is still yet to be realized at industrial scale. No non-hydrocarbons are allowed in jet fuel. Biodiesels are Fatty Acid Methyl Esters (FAMEs) and are absorbable by metal surfaces. This causes concerns as biodiesels can adhere to pipe and tank walls. Measures can be taken that replace the surface material with non-metallic material that would not react to it. Biodiesel has an effect on copper-based materials and it also affects zinc, tin, lead, and cast iron. Prolonged use of biofuels may lead to the deterioration of the rubber components in the engine. (Zehra et al., 2009 ) The presence of rapeseed methyl esters in the engine oil can increase corrosive wear because of the acidity of the biodiesel. (Serdari et al., 1999) Rapeseed methyl ester fuel also causes the lubricating oil to age faster. Degradation due to the oxidation of biofuel can change the viscosity, acid value, and peroxide value. (Dunn, 2005) The shelve life of biodiesel are typically six months. (Yüksek et al., 2009 ) Other alternative fuels, such as nitrous oxide, have also been studied. The raw material is abundant and it is harmless to the environment as the chemical reaction produces oxygen and water. It has a reported energy rating of 1864kJ/kg and a flash point of 850°C, compared to 38°C for Jet-A fuel. Due to its high flash point and the limitation of test engine operating range, nitrogen is yet to be extensively examined.
The B100 biofuel used in this study is a mixture of methyl esters of fatty acids. It is made from a combination of used oil feedstock including restaurant oil. Biofuel have a generally have a lower heat of combustion. The kinematic viscosity is also generally a few times higher than kerosene. This is due to the larger chemical structure of the B100 biodiesel than that of the kerosene, which affects the freezing point of the fuel, resulting in gelling of the fuel. Although we have not observed in the operation of our engine, these conditions can lead to engine operability problem and possible engine flameout. (FAA, 2009) The B100 biofuel used in this study is a mixture of methyl esters of fatty acids. It is made from a combination of used oil feedstock including restaurant oil. Table 4 .1 shows a comparison of some of the properties of kerosene and the B100 biofuel. The heat of combustion is lower for B100. The kinematic viscosity of B100 is about three times higher than kerosene. The B100 fuel has a slightly higher density as compared to Jet A-1/kerosene. This is due to the larger chemical structure of the biodiesel. This will affect the freezing point of the fuel, resulting in gelling of the fuel. Although we have not observed in the operation of our engine, these conditions can lead to engine operability problem and possible engine flameout.
Kerosene is chosen as a control for the comparison purposes for alternative fuel. The biofuel (B-100) was selected as an alternative test fuel as it generally has many similar properties as kerosene. This fuel is chosen because of its properties that fall in between the operating parameters of the engine. In addition the biofuel release less carbon monoxide after it burn as studies suggest. Note that the two biofuel runs were conducted during two separate different time of the study.
Two other fuels were also used later on in the experiments. Conventional JP-8 fuel and hydroprocessed renewable jet (HJ) fuels that were donated from the Air Force Research Laboratory.
HJ fuel is a synthetic diesel fuel from Dynamic fuels. It is made from renewable resources such as yellow grease like used cooking oil from restaurants, animal fat or tall oil (a byproduct from the treatment of pine wood for production of pulp or paper).As we discussed earlier, biodiesel is made by a simple process in which alcohol is reacted with triglycerides in the presence of a catalyst which produces FAME (biofuel) and glycerin. In Dynamic fuels they make the synthetic diesel fuel in a hydrotreating process similar to a petroleum refinery. The HJ fuel is made by using hydroprocessing to convert biorenewable feedstock (triglycerides) by reacting with hydrogen in the presence of a metallic catalyst which produces the synthetic diesel, naphtha and liquid petroleum gas. A series of reaction with hydrogen in the presence of a catalyst is used to break the triglycerides into its basic building blocks. In this process the molecule is broken at the oxygen atom, which then combines with the hydrogen atom to form water. The "backbone" of the triglycerides is converted to propane and the "arms" are converted to paraffin American Institute of Aeronautics and Astronautics 3 primarily C15-C18 in this hydrodeoxtgenation step. These are then further hydrocracked and hydroisomerized to produce a fuel of desired boiling point and freezing point that is similar to a conventional jet fuel. The paraffin that is produces 99.5% paraffin. The range includes normal, iso and cyclo paraffin. In biofuel the oxygen atoms are not removed from the biodiesel chain. By treating it with the hydrotreating process, the oxygen is removed. One clear advantage of the removal of oxygen atom here is that the corrosive, oxidative and storage and shelf life problem is removed. These also alter the characteristic of the fuel and its emission as we will discuss later. The corrosive properties was proven with the few biofuel containers that were found leaking after storing the biofuel for over a year in some of them. The feedstock used in the HJ fuel production are from a combination of inedible tallow, inedible porcine fat or lard and white grease, poultry fat, food waste fats, unrefined soybean oil, palm oil, camelina oil, jatropha oil, algae oil are some of the major sources used.
The fuel properties of the 2 new fuels being used and compared can also be seen in Table 4 .1. These fuels are selected for study as they have nearly similar properties in many areas which make narrowing down specific properties responsible for different characteristic easier. The density and viscosity of JP-8 and HJ is very close and should not affect the flow properties too much. Heat of combustion is also nearly identical for all the 3 fuels for kerosene, JP-8 and HJ. Freezing points for these 3 fuels are also almost identical at a range of -47°C to -50°C. This eliminates the possible problem of the fuel's properties and viscosity affecting the fuel flow which is apparel in biofuel due to solidification at low temperature. Dynamic Fuels claim that the fuel produces low emissions in NO x , almost no sulfur and no aromatics. There are many different sources of biofuel in the market today from different types of feedstock, each having slightly different properties. The choice of the type of fuel was selected prior to designing the engine setup as the setup will need to be compatible with the properties of the selected fuel. The fuel that was selected to fit the role was the B100 ASTM standard because of its consistency and widely available commercially.
The Aeropropulsion Test Cell operates two scaled turbine engines. One is a turbojet and the second is a turboprop engine. Both of these engines are based on a MW54 gas generator. Despite its small size, the MW54 turbine engines used in the test cell perform all the basic functions of full-scale turbine engines. The engines have been selected mainly because of their simple setup and low maintenance, while providing the flexibility of operations necessary for undergraduate propulsion education and research. The turbojet version of the MW54 engine was introduced in 2002. The turboprop engine is a free turbine-driven turboprop and was built with purchased components and manufacturer-assembled sub-systems, such as the gear box.
The MW54 runs on the Brayton cycle, making use of a single stage radial compressor and single stage turbine. The combustion chamber is of the annular type with reverse flows for enhanced vaporization of the fuel and mixing of the mixture. This feature makes it particularly attractive to the current study. For operations, two types of fuel are used, with the propane during the startup and kerosene for normal runs. The engines can operate in a manual start mode or automated start via an engine control unit (ECU). The turboprop version has a second stage free turbine to drive the propeller. The turboprop engine can generate three to five times more thrust, depending on the propeller size, than the turbojet engine, which gives up to 16 lbf of thrust. During a run, engine operation parameters and gas properties at the different stages along the air path can be determined by using the various instruments and data acquisition systems. 
II. Sensors and Measuring Devices 1. Turbojet
A custom engine mount was fabricated by students which incorporates thrust measurement sensor and supply line placements. A slot has been machined out from two pieces of wood and then put together creating a hollow section in the rear support. This allows all supply lines and electronic wirings to be routed through the rear mounting leg into the lower section of the test bench and to be cleared from the high speed air behind the propeller. As illustrated in Figures 2, the turboprop engine is secured on a tripod-like wood mount on the test bench next to the turbojet engine.
A voltage output strain gage type load cell was installed on the bottom plate of the engine mount to measure thrust. Figure 1 illustrates the placement of the load cell and the measurement technique being used. The thrust line, F1, above the pivot pins of the upper plate where the engine is mounted will create a moment that applies force, F2, directly onto the load cell. Using simple moment summation calculation, force F2 is obtained by dividing the product of force F1 and distance L1 by distance L2. Calibrating forces to linear voltage output from the load cell, thrust can be determined. To compensate for any forces lost to friction, calibrations were done by transferring dead weights forces parallel to the propeller thrust line through a pulley system. We have also used the setup to test the rigidity of the wood stand and up to 50 lbs of weight have been loaded. For the turboprop engine, a Hall Effect core shaft speed sensor came with the kit and was installed. A thermocouple was also installed to measure the temperature of the exhaust gas downstream of the main turbine. In addition, a second thermocouple was used to measure the exhaust air temperature downstream of the second free turbine. A case pressure port was installed with a digital pressure gage to provide a digital readout from the computer. Also, a light sensitive propeller speed indicator was attached onto one of the "tripod" legs. Since a fuel flow meter was installed on the engine fuel supply line, the fuel supply can be switched between the turbojet and the turboprop engines. The arrangement of both the turbojet and the turboprop engines on the testing platform is shown in Figure 2 . 
III. Lab Equipments

A. Control Room
The control room has been setup in a simple manner to help the students understand the functionality of each device and the connections made from the LabVIEW interface to the supplies in the test cell. A variety of power supply sources are needed to actuate different electric devices and sensors. As a result, numerous electrical and sensor wirings have been routed between the control room and the test cell. All wires carrying electric current are consolidated into a single multi-line shielded wire, which makes it easier for diagnostics or future expansion. A simple circuitry has been designed and soldered onto a circuit board to organize the relays used, thus preventing accidental disconnection or poor connections. For educational interests, these wirings are safety secured, insulated, and labeled for display.
Safety always comes first in all situations. There are different power supplies needed for different devices to operate the engine. Each power supply can be operated individually. To keep the level of safety up for operators and equipments, an immediate engine shut down can be executed by pushing down an emergency (mechanical) stop button, should an emergency occur. Doing so will deactivate all energy supplies to the engine and shut the engine down. With all the controls and power supplies located in the control room, there is no need for the operator to enter the test cell during an emergency shut down.
As was noted earlier, if the engine startup is controlled manually, the engine operator needs to respond quickly as the startup process only takes a few seconds. Sometimes, it is very easy to drive the engine out of the operating conditions. The need for a secondary control unit is crucial to ensure safety for both the operator and the equipment. By installing a Fadec ECU as a secondary control unit to the system, fuel enrichment through varying throttle setting can be stabilized. In case of parameter inconsistency, for instance, between the RPM and the EGT, the Fadec ECU will automatically shut down the engine.
The presence of a secondary engine safety control is also crucial to prevent costly damage to the engine when it is run by an inexperienced, first-time operator. This safety device is built into the Fadec ECU. This safety device is a system of "fuzzy logic" combined with an intelligent system that will adapt and learn the different engine parameters when it is in operation. In addition to the built-in safety feature, it also controls the fuel supply to the engine, to monitor engine performance making sure it is operating within the programmed specification through engine EGT, RPM and input throttle from LabVIEW.
The dual safety systems enable the students to operate the engine and conduct experiments in a safe environment that is conducive to learning and to yield a more productive and successful experience.
B. Engine Test Cell
In the test cell, the MW 54 engines are mounted side by side on a test stand (Figure 2 ). To enhance safety, a scatter shield of 0.25-inch thick steel surrounds the engine to contain any flying debris in the event of an engine failure. Also, a 0.5-in. thick steel plate is mounted in line with the turbine plane of rotation, and away from the line of sight in front of the control room window as a secondary protection. The top surface of the test stand, where the engines are mounted, is clear of any equipment.
In order to accommodate the supporting equipments, a lower deck has been installed on the test bench. A fuel pump, pneumatic valves, and other wiring are placed on the lower deck. The power line is routed to a junction box in one corner of the test bench for easy access and installation. The junction box functions as a source distributor that distributes electric power source in the multi-shielded line from the control room to different units. Individual lines within the multi-shielded line are shouldered into individual pins in a 25-pin parallel port adapter. The parallel connector is then linked to the junction box that contains a circuit board that will distribute the pins to the different wire connectors. Using wire connectors for the individual output wires will facilitate part replacement, as the junction box will not need disassembling to disconnect the wiring on the circuitry.
The individual data lines are connected directly to the sensors with shielded wire to decrease interference and noise caused by other devices. Care has been taken to place the data line far apart from the power line. Accurate measurement is vital to conducting research on engine performance in the future.
IV. Data Acquisition
LabVIEW is a data acquisition software from National Instrument that can be used to develop graphical environment to acquire, analyze, and present data. Multiple LabVIEW programs have been developed in house to perform different tasks. One of the LabVIEW programs developed is the Engine Control Interface (ECI) (Figure 2 ) that will manage and measure all pneumatic valves, relays, and sensors. LabVIEW programs such as Engine Autostart Pilot (EAP) and Data Acquisition (DA) can be executed on demand through ECI. With the EAP and DA programs available, the need for engine start-up training and the immense manual data collections are reduced to a minimum level. Thus, consistency of the engine runs can be greatly enhanced.
Consolidating different controls into one ECI interface creates a more pleasant experience for students without the confusion and distraction of disorganized controls and displays. This will save precious time and lower maintenance cost in the future as repetitive runs can be reduced or even avoided.
Parameters displayed in the LabVIEW program are extracted out from the Fadec ECU with a RJ45 connector from the Fadec ECU to the computer through a serial port (RS-232) connection. This provides real time data to the American Institute of Aeronautics and Astronautics 6 DA, which is in sync with the Fadec ECU. When the operator is ready for data collection, the DA can be activated and real time data can be stored in text file format, which can be further manipulated using a generic spreadsheet application. Once data is collected, the DA can be deactivated. The throttle level on the Fadec ECU is controlled by LabVIEW to provide a more stable signal source as compared to the signal source from a wireless radio control. In case of a computer failure, the Fadec ECU will be able to detect and shut down the engine immediately to prevent a loss of control and other undesirable situation.
The students can direct the engine control system to obtain desired engine performance data. By altering different throttle level in LabVIEW, a signal containing the desired throttle is sent to the Fadec ECU. Through the Fadec ECU, the fuel pump power input will be regulated to control the pump performance. As a part of the chain reaction, the engine RPM will change, thus affecting the engine case pressure, EGT, and thrust output. The fuel pump power is controlled by the Fadec ECU "fuzzy logic" system correlating a 1024 step division to the fuel pump power supplied to the Fadec ECU. With a calibrated throttle level, the Fadec ECU will regulate the fuel pump power according to the throttle level desired, while monitoring the RPM and EGT as feed backs. With this feed back function, the Fadec ECU will be able to regulate fuel pump power in a more precise and controlled manner. LabVIEW will extract parameters fed back into the Fadec ECU along with the thrust measurement. This can then be stored into the data acquisition file.
V. Results
The engine characteristics such as the thrust, the fuel consumption, and the exhaust gas temperature (EGT) were reported. Result indicated that with the addition of biofuel to the kerosene fuel increases the static thrust and decreases fuel consumption. The consistency of the engine was also tested with different blends of biofuel to produce the same RPM and same thrust.
The fuels were mixed with kerosene and 1:20 ratio of Mobil1 jet oil for lubrication. Runs were done on 100% pure blends of HJ, JP-8, kerosene and biofuel. However there were 2 batches of biofuel for this run, one was from a fresh batch and the other was of an older batch that is over the recommended shelf life. Therefore this will affect the properties of the biofuel as it deteriorates with time. The runs were done and collected from idle to max speed with an increment of every 10% throttle level from 0% to 90%. Fuel flow for each fuel is calibrated for the flow meter and the difference is adjusted into the program before data collected. This is because the fuels have different density and viscosity and this will affect the flow meter measurement collected giving different data value for different fuel.
It can be seen that as the biofuel concentration increases, less fuel is needed to produce the same thrust as compared to kerosene. From the properties of biofuel, the energy value of biofuel is lower than that of kerosene used. It is suggested that the reason for an increase of thrust with a lower heating value of biofuel was because of a more complete combustion of the biofuel as compared to kerosene. This is because of the more readily available oxygen supply from the biofuel chemical structure. Biodiesel also have a much higher viscosity as compared to regular Jet fuel. This is due to the larger chemical structure of the Biodiesel. This will affect the freezing point of the fuel, resulting in gelling of the fuel. These conditions can lead to engine operability problem and possible engine flameout. It can be seen that the viscosity of the biofuel is affecting the flow rate of the engine. As the concentration of the biofuel increases, the pump power required to pump the same amount of fuel increases. This seems to be the limiting factor in the experiment as the pump power are maxed out before reaching max throttle.
American Institute of Aeronautics and Astronautics 7 Figure 7 shows the relationship between the fuel flow and the rpm and thrust produced. As we can see from the plot, JP-8 and HJ fuel require less fuel as compared to kerosene and biofuel to achieve the same RPM or thrust. This can be explained by the slightly lower energy value of biofuel as compared to the other 3 fuels. HJ and JP-8 have trend is being represented rightly here as they have nearly similar heat of combustion. Kerosene seems to shift further than expected even though the heat of combustion does not differ that much than the other 2 fuels. 
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The case for biofuel is the same here as previous runs as could be seen in Figure 9 and 10. The pump power required for kerosene, HJ and JP-8 fuel are nearly identical to achieve a specific RPM. However, we can see that there is a huge increase in required pump power for both biofuels at about 100K RPM. This shows that this characteristic and setup for this engine is max out at this RPM as the pump power max out at this RPM. The older batch of biofuel seems to max out the pump power at a slightly lower RPM than the other biofuel. This could be due to the change in properties due to the deterioration of the quality of the biofuel.
Figure 10 Pump Power vs. Fuel Flow
This can be better represented with the relationship between fuel flow vs. pump power. Here in Figure 5 .21 above, it can be seen that the biofuel requires significantly more pump power to deliver the same amount of fuel as compared to the other fuel. Kerosene requires the lowest power of all the fuels. This is because kerosene has the lowest viscosity of all the fuels. The two biofuel batches seem to differ a bit too with the older batch maxing out the pump power before the other. One possible explanation as some studies suggest is that oxidative linking of fatty acid chains can occur so as to form species with higher molecular weights, i.e. oxidative polymerization. Such polymeric species rarely become larger than trimers or tetramers One of the obvious results of polymer formation is an increase in the oil viscosity. This increase in viscosity is a result of formation of significant levels of higher molecular weight material and in some cases creation of some gum formation. This would explain rancidity of the fuel and the higher power needed to pump the fuel and pump maxing out or failing earlier.
Figure 11 TSFC vs. RPM
By studying the Figure 11 above we can also see that in terms of Thrust Specific Fuel Consumption (TSFC), kerosene has the highest TSFC and reduces as the speed increases. The trend is the same for JP-8 fuel and HJ fuel as the speed increases with HJ fuel being the lowest at all speeds. This shows that these fuels run more efficiently at higher speeds. However, biofuel seems to increase its TFSC as the speed increases showing that biofuel is more suited to run at low speed rather than high speed due to increase in the oil viscosity. The increase is not as significant for biofuel as the decrease of the other three fuels. It is still in conclusive to say that biofuel has higher TFSC as it oppose previous findings from the other sets of experiment of fresh biofuels. Therefore, more tests should be done to confirm this and also to reduce the experiment error that might be responsible for this result.
Emission
Emission data were collected using an Enerac 700 model with non-dispersive infrared analyzer (NDIR). The NDIR operate by measuring the peak infrared absorption that occurs within well defined infrared wavelength regions of the gas to determine the concentration. It's selectivity determined by an internal optical bandpass filter. From analyzing the emission data, characteristics of fuel can be studied with its combustion results. Another problem that aviation industry has today from the high usage of aviation fuel is due to the waste of fuel. This happens because of the short time for combustion for the chemical to react in the high speed turbine engine. Because of the short time, there is a lot of incomplete combustion leading to loss of power and additional fuel needed to compensate for that lost. Figure 12 below shows the relationship between the RPM and the unburned hydrocarbon (UHC) of the various fuels. UHC were measured by the analyzer as propane equivalent of (C3H8) is the best representation we can have for UHC. It will be difficult if not impossible to ascribe the absorption of any given wavelength to a particular HC compound or family of compound due to the stretching regions for various bond types as they have different band centers and have considerable overlap. As it can be seen here in Figure 12 , kerosene run contain the most unburned hydrocarbon. This explains the lost of thrust that was explain previously as compared even though it have almost similar energy content as HJ and JP-8. Therefore kerosene seems to be the least economical fuel here. This is followed by JP-8 and then HJ fuel. Biofuel recorded the least amount of unburned hydrocarbon. This reason is because most of the biofuel had been burned and converted into CO 2 or partially burned and converted into CO. The reason for a more complete combustion is the availability of oxygen atom right beside the chain available for the immediate combustion for the biofuel. These are preliminary characterization and assumption. As we discussed earlier that there will be some error due to the sample containing varying complex mixtures of HC compounds and the results might vary for different HC mixtures when measuring using the IR American Institute of Aeronautics and Astronautics 13 absorption of propane equivalent. Other studies have suggested using multiple techniques like gas chromatograph (GC), flame ionization detector (FID), fourier transform infrared spectrometer (FTIR)
Figure 12 UHC vs. RPM
With a more complete combustion means more CO 2 and CO would be produced as compared to the other fuel. This can be seen in the following Figure 13 and 14. This opposes some research where researches have been found that biofuel produces less CO and CO 2 . However, it has to be noted that those studies also produces much less thrust than the control fuel. Even though the energy content for biofuel here is much lower but the recorded energy produced is higher or similar to the control fuel due to the more complete combustion. This leads to a more complete chemical reaction that produces more CO and CO 2 . HJ fuel shows a cleaner CO and CO 2 emission with the same power output as JP-8 and kerosene. This trend can also be seen from Figure 15 and 16 where more CO and CO 2 is recorded for biofuel than other fuel at a given fuel flow. The CO and CO 2 recorded increases with increase RPM. This follows the trend as the higher the RPM the more fuel flow needed and the more CO and CO 2 is produced from the combustion. Figure 18 it shows the relation of O 2 and CO 2 . It can be seen here as the O 2 deceases as the CO 2 increases. This shows the available O 2 being used and converted to CO 2 . For the biofuel it can be seen that the slope is slightly higher than the rest. This is because of its own oxygen content from the biofuel chain in addition to the available oxygen from the air. One interesting discovery that was found in the study is that biofuel produces no NO 2 and only NO. The NO x produced by biofuel is very much lower than the other fuel as can be seen in Figure 20 below. One possible explanation is that this could be cause by the presence of excess oxygen in the biofuel run. Since air is about 80% nitrogen, with a fuel that can partially provide its own oxygen, less air is needed for the fuel to combust completely. NO x increases with temperature. From Figure 20 , it can be seen that biofuel also recorded a very much lower NO x emission for the same EGT as compared to the other fuel. 
Conclusion and Future Work
It was concluded that the oxygen content in the biofuel helps to have a more complete combustion and reduce the unburned hydrocarbon. This trend of reduced unburned hydrocarbon strongly correlates to all the research out there that had been done. Studies all show that with the combustion of biofuel, unburned hydrocarbon could be reduced to as much as 10%-55%. Finding from this experiment was an impressive average of 93% reduction of unburned hydrocarbon by using biofuel instead of kerosene and 87% when compared to JP-8. A summary of the findings can be seen in the Table 2 below. However, CO and CO 2 emission were higher for Biofuel with an increase of 50% and 9% respectively as compared to kerosene. There is a mixed finding of this compared to other studies where there were both reported an increase or decrease of CO and CO 2 emission. Even with a lower energy value of biofuel, it actually produce similar or slight higher energy output due to a more complete combustion from burning biofuel. The extra oxygen content improves combustion efficiency but it also reduces the shelf life of the fuel due to its oxidative properties. However, due to the high viscosity and density of biofuel, there were limitations of the study when the pump power is max out. Biofuel was also found to have the lowest level of NO x as compared to the other fuel. In this study, it was found that by using biofuel there is a decrease of an average of 57% of NO x than using JP-8. Studies out there also shows a mix result for this parameter with an increase and decrease of NO x by using biofuel.
